Shock and stabilisation following long-term drought in tropical forest from 15 years of litterfall dynamics by Rowland, Lucy et al.




R E S E A R C H  A R T I C L E
Shock and stabilisation following long- term drought in tropical 
forest from 15 years of litterfall dynamics
Lucy Rowland1  | Antonio C. L. da Costa2 | Alex A. R. Oliveira3 | Samuel S. Almeida3† |  









































perimental	drought,	 flower	and	fruiting	re-stabilised	at	 levels	greater	than	 in	the	
control	plot,	despite	high	tree	mortality	in	the	drought	plot.	Litterfall	relationships	














fraction	 (20%–50%)	 of	 this	 productivity	 is	 invested	 in	 production	
and	maintenance	 of	 the	 forest	 canopy	 (Malhi,	 Doughty,	 Goldsmith,	
&	 Metcalfe,	 2015).	 Canopy	 biomass	 production	 (of	 leaves,	 flowers	
and	 fruit)	 is	 typically	 the	 largest	 component	of	 net	primary	produc-
tion	(NPP)	in	tropical	forests,	and	as	a	result,	litterfall	has	been	shown	
to	 be	 a	 good	 proxy	 for	 estimates	 of	NPP	 on	 annual	 or	multiannual	
scales	 (Malhi,	 Doughty,	 &	Galbraith,	 2011).	Moreover,	 the	 seasonal	
dynamics	of	the	canopy	carbon	pool	play	a	central	role	in	controlling	
forest	function;	 leaf	turnover	directly	influences	photosynthetic	pro-
duction	 (Myneni,	Yang,	Nemani,	&	Huete,	 2007;	Wu,	Albert,	 Lopes,	
&	Restrepo-	Coupe,	 2016),	 and	 flower	 and	 fruit	 production	 strongly	
influence	reproduction	and	forest	succession.	Given	that	the	turnover	
rates	of	leaves	and	reproductive	organs	are	also	sensitive	to	exogenous	
changes	 in	 climate	 (Aragão,	 Malhi,	 Metcalfe,	 &	 Silva-	Espejo,	 2009;	
Chave,	Navarrete,	Almeida,	&	Alvarez,	2010;	Wagner,	Herault,	Bonal,	
&	Stahl,	2016),	 they	may	also	be	good	 indicators	of	how	 the	whole	







Litterfall	 is	 comprised	 of	 three	main	 components,	 leaves,	 repro-
ductive	material	 (flowers	and	 fruits)	and	 fine	woody	material	 (twigs,	
generally	<2	cm	diameter).	Investment	into	photosynthetic	production	
(leaves)	is	the	largest	of	these	three,	with	leaf	fall	typically	comprising	
around	71%	of	 total	 litterfall	across	South	American	tropical	 forests	



















can	 be	 triggered	 by	 low	water	 availability	 and	 high	 evaporative	 de-
mand	in	tropical	forests	(Bi,	Knyazikhin,	Choi,	&	Park,	2015;	Borchert,	
Calle,	Strahler,	&	Baertschi,	2015;	Wright	&	Cornejo,	1990),	and	neg-






timing	 and	magnitude	 are	 intrinsically	 linked.	Woody	 growth	 is	 also	






restricting	 investment	 into	 foliar	 production.	 As	 a	 consequence,	 in	




Restrictions	 in	water	 availability	 are	 thought	 to	 act	 as	 a	direct	
constraint	on	leaf	turnover	in	tropical	forests	receiving	<2,000	mm	





production	 in	 dry	 tropical	 forests	 (Lohbeck	 et	al.,	 2015)	 and	 driv-
ing	mass	 flowering	 (masting)	 events	 in	 the	ever-	wet	 forests	of	 SE	
Asia	(Sakai,	Harrison,	Momose,	&	Kuraji,	2006).	Given	the	control	of	
flowering	and	leaf	turnover	on	long-	term	forest	succession,	produc-





a	 new	 strong	 trade-off	 between	 investment	 in	 canopy	 production	 and	 wood	
production.
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ecosystem	 functioning	 (Hirota	 et	al.,	 2011;	 Lenton,	 2011).	 Short-	
term	natural	drought	events,	such	as	those	which	occurred	across	
Amazonia	 in	 2005,	 2010	 and	 2015	 (Feldpausch,	 Phillips,	 Brienen,	
&	 Gloor,	 2016;	 Marengo,	 Tomasella,	 Alves,	 Soares,	 &	 Rodriguez,	
2011;	 Phillips,	 van	 der	 Heijden,	 Lewis,	 &	 Lopez-	Gonzalez,	 2010),	






canopy	 it	 is	 necessary	 to	 also	 explore	 the	 response	 to	 long-	term	
reductions	in	water	availability.
In	 this	 study,	we	present	 the	one	of	 the	 longest	 published	 time	




forest.	Using	 these	data,	we	examine:	 (1)	 the	 response	 to	 the	 initial	





state	 or	whether	 there	 is	 a	 continuous	 change	 in	 litterfall	 following	
15	years	of	soil	drought	stress.
2  | MATERIALS AND METHODS
2.1 | Site










2010;	Meir,	Wood,	Galbraith,	 &	 Brando,	 2015;	 Rowland,	 da	 Costa,	
et	al.,	2015;	Rowland,	Lobo-	do-	Vale,	et	al.,	2015).	To	prevent	lateral	









plot.	 Air	 temperature,	 relative	 humidity,	 solar	 radiation	 and	 rainfall	






































on	 the	 each	 of	 the	 control	 and	TFE	 plots.	 However,	 from	October	
2006	to	May	2007,	data	collection	was	stopped	across	all	plots	and	
so	annual	totals	were	not	calculated	for	2006	and	2007.	From	2007	
to	 the	end	of	2009,	 litterfall	values	across	all	plots	were	 incorrectly	
recorded	and	therefore	data	from	June	2007	to	December	2009	were	







onwards	was	 taken	 from	 (Rowland,	da	Costa,	 et	al.	 2015;	Rowland,	
Lobo-	do-	Vale,	 et	al.	 2015)	 and	 converted	 to	 units	 of	 cm/day.	 To	
match	 these	 data,	 monthly	 litterfall	 was	 also	 converted	 to	 three-	
monthly	 averages.	Accounting	 for	 the	data	gap	 in	 the	 litterfall	 time	
series	(Figure	1a,	Table	S1),	correlations	between	growth	and	litterfall	
were	performed	for	2010–2016.	Litterfall	and	growth	data	between	







the	 Control	 and	 TFE,	 and	 the	 meteorological	 and	 soil	 REW	 data.	
To	 remove	 autocorrelation	 from	 these	 seasonal	 relationships,	 the	




between	 litterfall	 and	 environmental	 variables,	 a	 cross-	correlation	








cross-	correlation	 analysis,	multivariate	 linear	models	 of	 leaf	 and	 re-
productive	litterfall	were	created	using	precipitation,	radiation,	REW,	
relative	humidity	or	temperature,	as	independent	variables,	alongside	
the	 litterfall	 variable	 lagged	 by	 1	month	 to	 remove	 autocorrelation.	
Backward	 and	 forward	 stepwise	 regressions	 were	 used,	 compar-
ing	models	using	 the	Akaike	 Information	Criterion	 (AIC),	 to	 identify	
the	model	with	the	highest	likelihood	using	the	least	number	of	vari-
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ity	with	 rainfall,	 relative	humidity	and	REW	(control	plot)	 increasing	
substantially	during	the	6-	month	wet	season,	which	generally	starts	








The	 control	 plot	 had	 a	 total	 litterfall	 of	 731	±	35	g	m−1 year−1 
(Figure	2a),	 67%	 of	 which	 was	 leaf	 fall.	 During	 the	 first	 4	years	
of	 the	TFE	 experiment,	 total	 litterfall	 and	 leaf	 fall	 on	 the	TFE	were	
650	±	35	g	m−2 year−1	 and	 430	±	19	g	m−2 year−1,	 respectively,	 and	
this	represented	an	overall	reduction	with	respect	to	the	control	forest	
of	 12%	 and	 13%,	 respectively.	 In	 contrast,	 during	 the	 same	 period,	
reproductive	litterfall	was	54%	lower	on	the	TFE	than	on	the	control	
plot	 (56	±	8	g	m−2 year−1,	 compared	 to	 123±26	g	m−2 year−1).	 From	
2010	 onwards,	 however,	 the	 reproductive	 litterfall	 on	 the	TFE	was	
on	 average	 greater	 than	 on	 the	 control	 (Figure	2d).	This	 resulted	 in	
reproductive	 litterfall	 changing	 from	9	±	1%	of	 total	 litterfall	 on	 the	
TFE	during	the	first	3	years	of	the	experiment	to	15	±	2%	during	the	
last	 3	years	 of	 the	 experiment	 for	which	 data	 are	 available	 all	 year	
(2012–2014,	Figure	3).	Intra-	annual	variability	was	also	greatest	in	re-
productive	 litterfall,	which	varied	by	c.	300%	on	the	control	and	the	
TFE.	 Inter-	annual	variability	 in	 total	 litterfall	on	both	plots	 remained	








peaked	before	 reproductive	 litterfall	 from	June	 to	July	 (Figure	3a,b).	
On	the	TFE,	peak	leaf	fall	declined	to	substantially	below	that	of	the	
control	 plot	 following	 long-	term	 drought	 (1.8	±	0.2	g	m−2 day−1 and 
2.3	±	0.2	g	m−2 day−1,	 respectively,	 Figure	3a).	 In	 the	 first	 4	years	 of	
the	experiment,	however,	peak	leaf	fall	remained	similar	on	both	plots,	
but	on	the	TFE	it	was	more	tightly	restricted	to	July,	declining	sharply	
in	October	 to	 create	 significantly	 lower	 leaf	 fall	 on	 the	TFE	 during	





Strong	 shifts	 in	 seasonality	 of	 leaf	 and	 reproductive	 litterfall	
on	 the	 TFE	 resulted	 in	 seasonal	 correlations	 with	 meteorological	
drivers	 (air	 temperature,	 radiation,	 air	 humidity	 and	 precipitation)	
being	absent	during	the	early	stage	of	the	experiment	(2002–2005)	
compared	 to	 the	 control	 forest	 (Table	1).	These	 seasonal	 relation-
ships	 returned,	 however,	 in	 the	 latter	 years	 of	 the	 experiment	
(2012:2016)	 and	were	 similar	 to	 those	which	exist	 on	 the	 control	
(Table	1).	 However,	 the	 seasonal	 changes	 observed	 in	 the	 later	




(r2	=	.27	 TFE,	 r2	=	.12	 Control).	 Correlations	 performed	 between	








1678  |    Journal of Ecology ROWLAND et AL.








by	1	month	 to	 remove	autocorrelation	 (see	Section	2),	REW	came	










formed	 between	 these	 values	 and	 three-	monthly	 average	 litterfall	
data.	On	the	TFE,	mean	plot-	level	growth	rate	came	out	as	the	stron-
gest	correlate	of	leaf	fall	(r2	=	.47,	p	<	−.001,	Figure	4a),	stronger	than	















Variables Temp RH Rad PPT REW
Control	leaf 0.32**,	0 0.30**,	0 0.30**,	0 0.28**,	0 0.45**,	4
Control	F	+	F 0.25**,	2 0.24**,	0 0.23**,	0 0.55**,	0 0.21**,	0
TFE	early	Leaf 0.20*,	0 NA NA NA
TFE	early	F	+	F NA NA NA NA
TFE	late	leaf 0.22**,	0 0.27**,	0 0.29**,	0 0.23**,	0 0.26**,	4
TFE	late	F	+	F 0.28**,	3 0.26**,	0 0.26**,	0 0.27**,	0 0.28**,	0
































to	 levels	 slightly	 greater	 than	 those	on	 the	Control	 (Figure	2d).	This	




increased	 sharply	 after	 13	years	 to	 a	 40%	 loss	 of	 biomass	 by	 2014	
(Rowland,	da	Costa,	et	al.,	2015).	Such	a	response	may	be	important	
for	maintaining	fitness	if	drier	soils	and	reduced	litter	decomposition,	
and	 therefore,	nutrient	availability	 in	 the	surface	soil	 limit	 seed	ger-














































Despite	 the	 relatively	 high	 rainfall	 on	 the	 site	 and	 the	 con-
trol	 plot	 not	 being	 limited	 by	 seasonal	 changes	 in	water	 availability	
(Fisher,	Williams,	Da	Costa,	&	Malhi,	2007),	REW	still	 comes	out	as	
the	strongest	single	correlate	of	reproductive	litterfall	seasonality	and	
a	 significant	 contributor	 to	 leaf	 fall	 seasonality	 on	 the	 control	 plot	
and	particularly	on	the	TFE	plot	(during	the	latter	stages,	post	2009;	
of	Table	1).	 Interestingly,	during	 the	 initial	4	years	of	 the	TFE,	when	
seasonal	patterns	in	leaf	and	reproductive	litterfall	changed	substan-
tially	(Figure	3),	the	correlations	between	all	meteorological	variables,	
















annual	 time-	step,	 or	 the	 soil	 moisture	 metric	 REW,	were	 correlated	
strongly	with	 inter-	annual	 variability	 in	 leaf	 or	 reproductive	 litterfall.	















dicate	 that	carbon	allocation	trade-	offs	 in	 the	TFE-	treated	forest	are	
stronger	on	a	seasonal	and	annual	time-	scale,	and	play	a	far	greater	role	
than	meteorology	in	controlling	leaf	carbon	investment.
Using	one	of	 the	 longest	 published	 litterfall	 datasets	 from	 trop-
ical	 forest,	 we	 demonstrate	 that	 following	 more	 than	 a	 decade	 of	
soil	 drought	 stress,	 canopy	 production,	 particularly	 of	 reproductive	
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compensate	for	reduced	germination	rates	and	higher	seedling	mor-
tality	 in	drier	soils.	Furthermore,	we	demonstrate	that	 there	 is	 likely	
to	 be	 a	 direct	 trade-	off	 between	 carbon	 investments	 in	wood	 and	
leaves	resulting	from	limitations	 in	carbon	supply.	Together	with	the	




or	woody	 tissue	production,	 and	hence	 the	nature	of	 production	 in	
tropical	forests.
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